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In this study, the authors’ objective was to determine whether serum concentrations of polychlorinated biphenyls
(PCBs), hexachlorobenzene, p,p#-dichlorodiphenyl trichloroethane (DDT), o,p#-DDT, and p,p#-dichlorodiphenyl
dichloroethylene (DDE) are associated with thyroid function during pregnancy. These compounds, as well as
thyroid-stimulating hormone, total thyroxine, and free thyroxine, were measured in serum samples collected
between October 1999 and October 2000 from 334 pregnant women living in the Salinas Valley, California. Data
were analyzed by multivariate linear regression. After adjustment for covariates, seven of the 19 PCB congeners
detected in more than 75% of participants and the sum of those congeners were negatively associated with free
thyroxine concentrations. PCBs 44, 52, and 183 remained significant after the exclusion of two outliers. Hexa-
chlorobenzene concentrations were negatively associated with both free thyroxine and total thyroxine. PCB and
hexachlorobenzene concentrations were strongly correlated, which hampered the authors’ ability to identify their
independent associations with thyroid function. None of the exposures under study were associated with thyroid-
stimulating hormone. Results suggest that exposure to PCBs and/or hexachlorobenzene at background levels may
affect thyroid function during pregnancy. These findings are of particular significance, since thyroid hormones of
maternal origin may play an essential role in fetal neurodevelopment.

DDT; dichlorodiphenyl dichloroethylene; hexachlorobenzene; hydrocarbons, chlorinated; polychlorinated
biphenyls; pregnancy; thyroid hormones

Abbreviations: CHAMACOS, Center for the Health Assessment of Mothers and Children of Salinas; CI, confidence interval;
DDE, dichlorodiphenyl dichloroethylene; DDT, dichlorodiphenyl trichloroethane; NHANES III, Third National Health and
Nutritional Examination Survey; PCB(s), polychlorinated biphenyl(s).

Persistent organic pollutants are stable lipophilic chem-
icals that persist in the environment, bioaccumulate in the
food chain, and are detected in most human populations (1).
Because they are suspected to cause adverse effects on wild-
life and human health, individual persistent organic pollut-
ants were banned in the United States between 1978 and
2000. In 2001, more than 100 countries signed the Stockholm
Convention on Persistent Organic Pollutants, committing to

discontinue or restrict the use of 12 chemicals of concern (2).
To date, as many as 154 countries have ratified the Conven-
tion. Despite this accord, several of these chemicals may still
find their way into the environment. For instance, polychlori-
nated biphenyls (PCBs) are found in older US electrical
transformers and capacitators (3), and the fungicide
hexachlorobenzene is a byproduct of US-manufactured
solvents (e.g., carbon tetrachloride, trichloroethylene, and
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tetrachloroethylene) and current-use pesticides (e.g., atra-
zine) and is an effluent from municipal incinerators (4). In
addition, nearly 30 years after phasing out the use of the
pesticide dichlorodiphenyl trichloroethane (DDT), the
World Health Organization recently issued a position state-
ment announcing that it would resume promoting its use in
malaria-endemic areas (5).

Animal and epidemiologic studies suggest that prenatal
exposure to PCBs (6–12), hexachlorobenzene (13, 14), and
DDT (15, 16) and its breakdown product dichlorodiphenyl
dichloroethylene (DDE) (12, 15, 17) may have a deleterious
effect on neurodevelopment. Thyroid hormone disruption has
been proposed as a potential mechanism of action for the
neurodevelopmental effects of certain persistent organic pol-
lutants, since thyroid hormone is essential for normal brain
development in mammals (18). In humans, iodine deficiency-
related fetal hypothyroidism can lead to cretinism, the lead-
ing preventable cause of mental retardation worldwide (19).

Recent findings underscore the importance of maternal
thyroid hormone in fetal neurodevelopment. Rat pups of
thyroidectomized dams (20) and of moderately and tran-
siently hypothyroxinemic dams (21) have shown deficits in
maze learning and altered neuronal migration, respectively.
In humans, maternal hypothyroidism and low but normal free
thyroxine concentrations (<10th percentile) during preg-
nancy have been found to be associated with poorer neuro-
development in children between 10 months and 8 years of
age (22–25).

PCBs and their hydroxylated metabolites, as well as hexa-
chlorobenzene and its metabolite pentachlorophenol, have
been shown to reduce circulating levels of total thyroxine
and free thyroxine and in some cases to increase thyroid-
stimulating hormone concentrations in both pregnant and
nonpregnant animals (26–28). Although effects of DDT
and DDE on thyroid hormone concentrations were not dem-
onstrated in experimental studies conducted in mammals
(29), a decrease in iodine uptake by the thyroid gland was
observed after acute exposure to technical DDT in rats (30).

Only three human studies have investigated the effect of
PCBs on thyroid hormone during pregnancy. Takser et al.
(31) found inverse associations between concentrations of
total triiodothyronine and PCBs 138, 153, and 180 and the
sum of 14 PCB congeners in blood collected from 101
women during pregnancy. In a study conducted in the
Netherlands, investigators observed significant negative cor-
relations between PCB toxic equivalents (32) (weighing
PCB congeners based on their potency to produce dioxin-
like effects) measured in 78 breast-milk samples and total
triiodothyronine during the last month of pregnancy and
total triiodothyronine and total thyroxine, measured 9–14
days after delivery (33). In addition, the sum of 28 PCB
congeners and thyroid-stimulating hormone concentrations
were negatively correlated in 182 pregnant women from the
Faeroe Islands, although the association did not quite reach
statistical significance (p¼ 0.09) (34). In the only study that
investigated associations between thyroid hormone in preg-
nant women and hexachlorobenzene, DDT, or DDE concen-
trations, Takser et al. (31) reported negative associations
between total triiodothyronine and hexachlorobenzene and
p,p#-DDE but not p,p#-DDT.

Several mechanisms of action have been proposed to ex-
plain the potential association between thyroid hormone and
PCBs, DDT/DDE, and hexachlorobenzene, including the
induction of uridinediphosphate glucuronosyltransferase
(35–37), increased liver thyroxine uptake (38), pituitary re-
sistance to thyroid-releasing hormone (38), thyroid gland
resistance to thyroid-stimulating hormone (39), altered tri-
iodothyronine and thyroxine synthesis (40), and binding to
transport proteins and displacement of thyroxine (26, 41).

We have previously reported an association between pre-
natal exposure to PCBs, grouped according to their potential
to induce thyroxine-metabolizing enzymes in animals, and
neonatal thyroid-stimulating hormone (42). In the present
investigation, we aimed to determine whether PCB, DDT/
DDE, and/or hexachlorobenzene body burdens are associ-
ated with thyroid function in pregnant women.

MATERIALS AND METHODS

Participants

Women were enrolled between October 1999 and Octo-
ber 2000 in the Center for the Health Assessment of Mothers
and Children of Salinas (CHAMACOS). The project was
a birth cohort study investigating the health effects of envi-
ronmental exposures to pregnant women and children in the
Salinas Valley, California (43). Pregnant women were eligi-
ble to participate in the study if they were covered by Medi-
Cal (subsidized health care), were �18 years of age, were at
<20 weeks’ gestation, spoke English or Spanish, and
planned to deliver at Natividad Medical Center, the county
hospital in Salinas, California. A total of 601 women were
enrolled, 538 of whom were followed to delivery and had
a livebirth. Participants with insufficient serum volume for
analysis of PCBs/organochlorines (n ¼ 118) or thyroid hor-
mones (n ¼ 6) or who were taking thyroid hormone supple-
ments or anti-thyroid-hormone medications (n ¼ 1) were
excluded. Given that we ultimately wanted to examine the
relation of maternal thyroid hormone to neurodevelopment
(manuscript in preparation), we did not measure thyroid
hormone concentrations in mothers whose children were
not assessed at some point in the future (n ¼ 79). Thus,
the final sample included 334 participants.

The analyses described below were performed with
weights equal to the inverse probability of inclusion in the
final sample, as determined by multiple logistic regression,
and without weights (44). Results were similar for both
weighted and unweighted regressions, suggesting that selec-
tion bias due to participants’ exclusion did not substantially
affect our results. Unweighted analyses are presented.

This study was approved by the University of California,
Berkeley, Committee for the Protection of Human Subjects.
All participants gavewritten informedconsent prior to inclusion.

Maternal interviews and medical records

Personal interviews with the women were conducted dur-
ing pregnancy at the time of enrollment (13 weeks’ gestation)
and again at 26 weeks’ gestation. Information was collected
on the women’s demographic characteristics, health, and
health-related behaviors (see table 1). Medical records were
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also abstracted by a nurse to obtain information about med-
ication use and general health status during pregnancy.

Laboratory analyses

Maternal concentrations of thyroid hormone and PCBs
were measured in blood collected during the second inter-
view (n ¼ 320) or before delivery (n ¼ 14). Samples were
processed immediately at Natividad Medical Center and
were stored at �80�C at the University of California,
Berkeley, School of Public Health Biorepository until they
were shipped to analytical laboratories. Thyroid hormone
analyses were conducted by Quest Diagnostics’ Nichols In-

stitute (San JuanCapistrano, California). In pilot experiments,
we determined that the number of freeze-thaw cycles was
positively associated with measured free thyroxine concen-
trations (data not shown). Therefore, samples were thawed
only once for aliquotting, sent refrigerated to the analytical
laboratory, and analyzed within 48 hours. Thyroid-stimulating
hormone was measured by ultrasensitive third-generation
immunochemiluminometric assay (functional sensitivity, 0.01
mIU/liter; reference range, 0.8–5.2 mIU/liter or >2.5 mIU/
liter (45); intraassay coefficients of variation, 2.3–6.0 per-
cent); total thyroxine was determined by solid-phase
immunochemiluminometric assay (functional sensitivity, 0.1
lg/dl; reference range, 5.6–13.7 lg/dl; intraassay coefficients

TABLE 1. Demographic characteristics of pregnant women and their offspring according to serum concentrations of thyroid

hormones, Salinas Valley, California, 1999–2000

No. of subjectsy %y

Thyroid hormone

Free thyroxine (mean)
(ng/dl)

Total thyroxine (mean)
(lg/dl)

Thyroid-stimulating
hormone (geometric mean)

(mIU/liter)

Child

Sex

Male 164 49 0.83 (0.25)z 10.6 (1.5)z 1.14 (1.81)§

Female 170 51 0.82 (0.23) 10.6 (1.6) 1.19 (1.66)

Birth weight (g)

<2,500 12 4 0.79 (0.22)* 10.6 (1.8) 1.34 (1.37)

2,500–3,500 174 52 0.86 (0.25) 10.8 (1.5) 1.17 (1.84)

>3,500 148 44 0.79 (0.23) 10.5 (1.6) 1.14 (1.63)

Gestational age (weeks)
at birth

<37 24 7 0.71 (0.21)** 10.4 (1.5) 1.21 (1.67)

37–42 310 93 0.83 (0.24) 10.7 (1.6) 1.16 (1.74)

>42 0 0

Mother

Age (years)

18–24 158 47 0.87 (0.25)*** 10.8 (1.6)** 1.09 (1.80)*

25–29 108 32 0.81 (0.22) 10.7 (1.6) 1.30 (1.69)

30–34 45 13 0.74 (0.22) 10.4 (1.1) 1.16 (1.59)

35–45 23 7 0.71 (0.21) 9.6 (1.5) 1.07 (1.68)

Race/ethnicity

White 7 2 0.77 (0.21) 10.9 (2.3) 1.05 (1.50)

Latino 320 96 0.83 (0.24) 10.6 (1.6) 1.17 (1.74)

Other 7 2 0.89 (0.23) 11.4 (1.5) 0.91 (1.53)

Education

�6th grade 140 42 0.85 (0.24) 10.4 (1.5) 1.13 (1.90)

7th–12th grade (no diploma) 118 35 0.80 (0.25) 10.7 (1.7) 1.21 (1.63)

High school diploma or more 76 23 0.83 (0.22) 10.9 (1.5) 1.13 (1.57)

Family income

Poverty line or less 188 60 0.82 (0.22) 10.7 (1.6) 1.11 (1.79)

Above poverty line–200%
of poverty line 111 36 0.81 (0.24) 10.7 (1.5) 1.25 (1.63)

>200% of poverty line 12 4 0.91 (0.43) 9.8 (1.4) 1.30 (1.60)

Table continues
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of variation, 4.5–5.7 percent); and free thyroxine was mea-
sured by direct equilibrium dialysis followed by radioimmu-
noassay (functional sensitivity, 0.1 ng/dl; reference range, 0.5–
2.7 ng/dl; intraassay coefficients of variation, 2.4–6.2 percent)
(46). Previous studies have used immunoassays alone to mea-
sure free thyroxine, but these methods may be affected by the
blood concentration of protein-bound thyroxine (47), which
increases during pregnancy and varies among individuals (48).
Equilibrium dialysis physically separates the bound hormone
from the free portion before it is measured with a highly sen-
sitive radioimmunoassay, thereby permitting accurate mea-
surement of free thyroxine concentrations in samples with
normal or high protein-bound thyroxine concentrations (49).

We measured 34 PCB congeners (International Union for
Pure and Applied Chemistry numbers 18, 28, 44, 49, 52, 66,
74, 87, 99, 101, 118, 128, 138, 146, 149, 151, 153, 156, 157,
167, 170, 172, 177, 178, 180, 183, 187, 189, 194, 195, 196,
199, 206, and 209) and eight organochlorines, including
hexachlorobenzene, p,p#-DDT, o,p#-DDT, p,p#-DDE,

c-hexachlorocyclohexane, dieldrin, mirex, and trans-nonachlor,
in maternal serum by high-resolution gas chromatography/
high-resolution mass spectrometry with isotope dilution
quantification (50). All exposures are expressed on a lipid
basis. Blood lipid concentrations were calculated based on
triglyceride and total cholesterol levels, as determined by
standard enzymatic methods (Roche Chemicals, Indianapo-
lis, Indiana) (51). Limits of detection ranged between 0.01
ng/g lipids and 1.09 ng/g lipids for PCBs and between
<0.001 ng/g lipids and 9.54 ng/g lipids for organochlorines.

Because other exposures may also affect thyroid hormone
concentrations, we also measured lead levels in maternal
blood (n ¼ 87) and umbilical cord blood (n ¼ 185) using
graphite furnace atomic absorption spectrophotometry.
Lead levels measured at both time points were highly cor-
related (r¼ 0.8, p< 0.001), indicating that using cord blood
levels to estimate maternal exposure was appropriate.
Finally, we assessed maternal exposure to organophosphate
pesticides by measuring dialkyl phosphate metabolites in

TABLE 1. Continued

No. of subjectsy %y

Thyroid hormone

Free thyroxine (mean)
(ng/dl)

Total thyroxine (mean)
(lg/dl)

Thyroid-stimulating
hormone (geometric mean)

(mIU/liter)

Country of birth

United States 41 12 0.86 (0.28) 11.2 (1.6)** 1.12 (1.59)**

Mexico 286 86 0.82 (0.24) 10.5 (1.6) 1.19 (1.71)

Other 7 2 0.80 (0.13) 11.1 (1.0) 0.55 (2.99)

Parity

0 109 33 0.86 (0.26) 10.6 (1.6) 1.21 (1.57)

�1 225 67 0.81 (0.23) 10.6 (1.6) 1.14 (1.81)

Time (years) in the
United States

�5 182 54 0.84 (0.26) 10.6 (1.5) 1.22 (1.86)

6–10 78 23 0.80 (0.19) 10.4 (1.7) 1.07 (1.62)

�11 74 22 0.82 (0.25) 10.9 (1.6) 1.11 (1.52)

Smoking during
pregnancy

Yes 22 7 0.79 (0.21) 10.9 (1.6) 1.15 (1.50)

No 312 93 0.83 (0.24) 10.6 (1.6) 1.16 (1.75)

Alcohol drinking during
pregnancy

Yes 76 23 0.79 (0.21) 10.5 (1.6) 1.20 (1.55)

No 254 77 0.83 (0.25) 10.7 (1.6) 1.15 (1.79)

Prepregnancy body
mass index{

<25 127 39 0.86 (0.24) 10.6 (1.4) 1.09 (1.90)

25–30 131 41 0.82 (0.22) 10.7 (1.6) 1.24 (1.64)

>30 65 20 0.79 (0.23) 10.6 (1.8) 1.16 (1.64)

*p < 0.10; **p < 0.05; ***p < 0.001 (two-sided p value calculated using analysis of variance).

yNumbers do not always add to the total number of participants because of missing values. Percentages may not add to 100% because of

rounding.

zNumbers in parentheses, standard deviation.

§ Numbers in parentheses, geometric standard deviation.

{ Weight (kg)/height (m)2.
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urine collected at approximately 13 and 26 weeks’ gesta-
tion. Dialkyl phosphate metabolites were analyzed by high-
resolution gas chromatography-tandem mass spectrometry
with isotope dilution quantification (52); the two measure-
ments were creatinine-adjusted and averaged.

Statistical analyses

PCB congeners were examined individually and were
summed as well as grouped as proposed in previous publica-
tions on the basis of the following factors: 1) dioxin-like prop-
erties determined using the toxic equivalent method (32);
2) structure-activity and occurrence frequency considerations
(53); and 3) the potential induction of thyroxine-metabolizing
enzymes (42). We used one-way analysis of variance to ex-
amine PCBs and organochlorines according to demographic
characteristics. In order to determine the shape of relations
between environmental exposures and thyroid hormone, we
first plotted variables using LOWESS smoothers, which in-
dicated log-linear relations for associations with free thyroxine
and total thyroxine and log-log associations with thyroid-
stimulating hormone. We used multivariate linear regression
models to investigate associations between organochlorines/
PCBs and thyroid-stimulating hormone, free thyroxine, and
total thyroxine. Models were constructed and analyses carried
out both with and without outliers as identified by the gener-
alized extreme studentized deviate many-outlier procedure
(54). Covariates considered for inclusion in the models were
expressed as shown in table 1 or as indicated in parentheses
and comprised age (years; continuous variable), race/ethnicity,
education, income level, country of birth, number of years
spent in the United States, parity, prepregnancy body mass
index (weight (kg)/height (m)2; continuous variable), gesta-
tional age at the time of sample collection (weeks; continuous
variable), and cigarette smoking, alcohol drinking, and caf-
feine consumption during pregnancy (yes vs. no). We also
considered the potential confounding effect of environmental
exposures such as blood lead (55), urine dialkyl phosphates
(organophosphate metabolites) (56), and other organochlorine
serum concentrations (57–59). Covariates kept in the final
models comprised variables that changed the magnitude of
one of the main effects by 10 percent or more (60).

Values below limits of detection and missing values for
individual PCB congeners were randomly generated on the
basis of a log-normal probability distribution whose param-
eters were determined by maximum likelihood estimation.
This method generally produces unbiased parameter and var-
iance estimates when detection frequencies are greater than
70 percent, whereas simple substitution methods, such as
imputing values less than the limit of detection (LOD) by
using the formula LOD/2 or LOD/O2, require detection fre-
quencies greater than 90–95 percent (61). Therefore, only
individual PCB congeners with a detection frequency greater
than 75 percent, adding 5 percent as a safety margin (PCBs
18, 28, 44, 49, 52, 66, 74, 99, 101, 118, 138, 146, 153,
156, 180, 183, 187, 194, and 199), were considered in statis-
tical analyses. Levels of PCBs, organochlorines, and
thyroid-stimulating hormone were log10-transformed for
analysis. The analyses were performed using Intercooled

STATA, version 8.2 (Stata Corporation, College Station,
Texas).

RESULTS

Population characteristics

The pregnant women participating in this study were
mostly young (mean age¼ 25.5 years; standard deviation, 5),
low-income, and Latina and from farmworker families
(table 1). The majority of participants had been born in
Mexico, had lived in the United States for less than 10 years,
and did not have a high school diploma. The women were
generally healthy; a small percentage had gestational diabetes
(7 percent) or pregnancy-induced hypertension (4 percent).

Concentrations of PCBs, organochlorines, and thyroid
hormone

Changes in body fat mass can modulate organochlorine/
PCB serum concentrations by altering the volume of dilu-
tion (62). Therefore, prepregnancy concentrations in our
population were probably higher than reported in table 2.
Despite this, blood concentrations of p,p#-DDT, o,p#-DDT,
p,p#-DDE, and hexachlorobenzene were substantially
higher in our population than in the Third National Health
and Nutrition Examination Survey (NHANES III), with
the median p,p#-DDE concentration being about 3.9 times
higher in CHAMACOS women than in nonpregnant women
aged �20 years in NHANES III (1,003 ng/g lipids vs.
256 ng/g lipids) (63, 64). Less than 5 percent of NHANES
III samples had detectable hexachlorobenzene serum con-
centrations, while 82 percent of the CHAMACOS samples
were above the NHANES III limit of detection (31.4 ng/g
lipids). PCB concentrations were low in comparison with
those reported in NHANES III in both the general population
and the Mexican-American subsample. All organochlorine/
PCB concentrations increased with age (data not shown).

PCB congeners tended to correlate according to their chlo-
rine content (data not shown). Concentrations of p,p#-DDT,
o,p#-DDT, and p,p#-DDEwere strongly correlated (r¼ 0.81–
0.92, p < 0.001) but only weakly associated with PCB con-
geners and hexachlorobenzene concentrations (r¼ �0.09 to
0.19, p < 0.001–0.92). Hexachlorobenzene was more
strongly correlated with less chlorinated PCBs (PCBs 18–
99: r ¼ 0.29–0.42; PCBs 101–199: r ¼ 0.14–0.31, p < 0.05)
and with the sum of the 19 PCB congeners detected in more
than 75 percent of participants (RPCBs) (r¼ 0.46, p< 0.001).

Mean concentrations of total thyroxine and free thyroxine
were 10.6 lg/dl (standard deviation, 1.6) and 0.82 ng/dl (stan-
dard deviation, 0.24), respectively; the geometric mean for
thyroid-stimulating hormone was 1.16 mIU/liter (geometric
standard deviation, 1.74). Free thyroxine was low (<0.5 ng/
dl) in nine participants; 17 had a high thyroid-stimulating
hormone value (>2.5 mIU/liter), and 13 had low total thy-
roxine (<8.0 lg/dl) concentrations. Thyroid-stimulating hor-
mone was suppressed (<0.01 mIU/liter) in two women. As is
shown in table 1, free thyroxine and total thyroxine concen-
trations decreased with age, and free thyroxine was lower in
women who delivered preterm. Total thyroxinewas lower and
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thyroid-stimulating hormone was higher in women born in
Mexico as compared with those born in the United States.

Associations between PCBs and thyroid hormone
concentrations

As table 3 and table 4 show, of the 19 PCB congeners
detected in more than 75 percent of participants, 15 were

negatively associated with free thyroxine and four were
negatively associated with total thyroxine (no significant
positive association). After adjustment for confounders,
negative associations with free thyroxine remained signif-
icant for the less chlorinated PCB congeners (PCBs 18, 28,
44, 49, and 52; b¼�0.11 to�0.08, p< 0.05) and for PCBs
101 (b¼�0.07, 95 percent confidence interval (CI):�0.14,
�0.00) and 183 (b ¼ �0.11, 95 percent CI: –0.18, �0.03).

TABLE 2. Serum concentrations* of polychlorinated biphenyls and organochlorine pesticides, detection

frequencies, and ranges of limits of detection among pregnant women, Salinas Valley, California,

1999–2000

No. of
subjects

LODy
range

Detection
frequency

(%)

Geometric
mean

concentration

95%
confidence
interval

Range of
concentrations

Organochlorines (ng/g)

p,p#-DDTy 334 0.06–1.36 100.0 18.8 15.7, 22.5 1.6–33,174.0

o,p#-DDT 333 0.06–0.76 95.5 1.7 1.5, 2.0 <LOD–1,257.3

p,p#-DDEy 334 0.06–1.36 100.0 1,302.1 1,140.2, 1,487.0 48.8–159,303.3

Hexachlorobenzene 334 0.02–1.00 100.0 65.8 60.2, 71.9 7.5–841.0

PCBy groupings

RPCBs (ng/g)z 334 0.03–1.09 100.0 65.3 61.9, 69.0 18.8–323.7

Enzyme inducers (ng/g)§ 334 0.03–1.09 100.0 17.6 16.7, 18.6 4.3–208.3

Mono-ortho PCBs (ng/g){ 334 0.05–0.79 100.0 30.9 29.0, 32.9 7.1–122.2

Toxic equivalents (pg/g) 334 0.05–0.63 100.0 1.07 1.00, 1.14 0.08–6.19

Wolff’s method group 3# 334 0.05–0.76 100.0 8.4 7.8, 9.1 0.2–140.8

Individual PCB congeners

PCB 18 325 0.03–0.88 100.0 6.6 6.0, 7.2 0.9–27.5

PCB 28 334 0.03–0.79 100.0 17.9 16.5, 19.5 3.1–84.7

PCB 44 272 0.06–0.84 98.9 2.5 2.2, 2.7 <LOD–11.4

PCB 49 290 0.05–0.80 99.3 1.6 1.4, 1.7 <LOD–6.8

PCB 52 304 0.05–0.80 99.7 3.2 2.9, 3.5 <LOD–12.4

PCB 66 328 0.04–0.63 100.0 2.9 2.7, 3.1 0.4–16.0

PCB 74 320 0.04–0.65 100.0 4.3 4.0, 4.5 0.7–26.4

PCB 99 305 0.06–1.09 100.0 1.9 1.7, 2.0 0.5–11.6

PCB 101 280 0.06–0.87 95.7 1.0 0.9, 1.1 <LOD–5.8

PCB 118 313 0.05–0.62 99.7 3.5 3.2, 3.7 <LOD–19.8

PCB 138 308 0.03–0.59 100.0 2.6 2.4, 2.8 0.2–30.9

PCB 146 293 0.05–0.60 86.7 0.45 0.40, 0.50 <LOD–14.7

PCB 153 314 0.04–0.69 100.0 5.7 5.3, 6.1 0.3–95.7

PCB 156 322 0.06–0.55 83.9 0.40 0.36, 0.45 <LOD–6.3

PCB 180 258 0.06–0.59 100.0 1.5 1.4, 1.6 0.3–30.0

PCB 183 304 0.06–0.55 77.6 0.32 0.28, 0.35 <LOD–8.2

PCB 187 266 0.04–0.71 97.0 0.93 0.84, 1.04 <LOD–38.3

PCB 194 310 0.03–0.50 95.2 0.52 0.48, 0.57 <LOD–9.5

PCB 199 321 0.03–0.62 86.3 0.36 0.33, 0.40 <LOD–29.8

* All polychlorinated biphenyl and organochlorine concentrations are expressed on a lipid basis (ng/g lipids).

Toxic equivalents are expressed in pg/g lipids.

y LOD, limit of detection; DDT, dichlorodiphenyl trichloroethane; DDE, dichlorodiphenyl dichloroethylene; PCB,

polychlorinated biphenyl.

z Sum for the 19 PCB congeners with a detection frequency greater than 75%.

§ Enzyme inducers include PCBs 99, 101, 118, 153, 156, 157, 167, 180, 183, 187, 194, 189, and 199.

{ Mono-ortho PCBs include PCBs 28, 66, 74, 118, 156, 157, 167, and 189.

# Group 3 includes PCBs 99, 153, 180, 183, and 196.
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PCBs 44, 52, and 183 remained significant after the exclu-
sion of the two outliers whose free thyroxine values were
more than four standard deviations above the mean but

within the reference range provided by the analytic labora-
tory for women in their second and third trimester of preg-
nancy. Associations between free thyroxine and PCBs 99,

TABLE 3. Unadjusted and adjusted associations between serum concentrations* of

polychlorinated biphenyls and organochlorine pesticides and free thyroxine in pregnant

womeny (n ¼ 333), Salinas Valley, California, 1999–2000

Change in free thyroxine concentration (ng/dl) per 10-fold
increase in exposure

Unadjusted Adjustedz

b 95% CI§ b 95% CI

Organochlorines (ng/g)

p,p#-DDT§ 0.01 �0.02, 0.05 0.02 �0.01, 0.06

o,p#-DDT 0.01 �0.03, 0.06 0.03 �0.01, 0.07

p,p#-DDE§ �0.01 �0.06, 0.04 0.01 �0.03, 0.06

Hexachlorobenzene �0.10 �0.17, �0.03 �0.08 �0.15, �0.01

PCB§ groupings

RPCBs (ng/g){ �0.16 �0.28, �0.05 �0.12 �0.24, �0.01

Toxic equivalents (pg/g) �0.12 �0.22, �0.01 �0.05 �0.16, 0.06

Enzyme inducers (ng/g)# �0.17 �0.28, �0.05 �0.09 �0.20, 0.03

Mono-ortho PCBs (ng/g)** �0.11 �0.21, 0.00 �0.09 �0.19, 0.01

Wolff’s method group 3yy �0.14 �0.24, �0.04 �0.07 �0.18, 0.04

Individual PCB congeners (ng/g)

PCB 18 �0.07 �0.15, 0.00 �0.08 �0.16, �0.01

PCB 28 �0.07 �0.15, 0.01 �0.08 �0.16, �0.01

PCB 44 �0.11 �0.19, �0.04 �0.11 �0.19, �0.03

PCB 49 �0.08 �0.16, �0.01 �0.09 �0.16, �0.01

PCB 52 �0.10 �0.18, �0.02 �0.10 �0.18, �0.02

PCB 66 �0.07 �0.16, 0.02 �0.07 �0.16, 0.02

PCB 74 �0.05 �0.16, 0.05 �0.01 �0.11, 0.10

PCB 99 �0.17 �0.27, �0.07 �0.11 �0.21, 0.00

PCB 101 �0.07 �0.14, �0.00 �0.07 �0.14, �0.00

PCB 118 �0.11 �0.21, �0.01 �0.05 �0.15, 0.06

PCB 138 �0.10 �0.19, �0.01 �0.04 �0.13, 0.05

PCB 146 �0.11 �0.18, �0.04 �0.07 �0.15, 0.00

PCB 153 �0.12 �0.21, �0.03 �0.06 �0.15, 0.04

PCB 156 �0.11 �0.17, �0.04 �0.06 �0.13, 0.01

PCB 180 �0.04 �0.12, 0.05 0.02 �0.07, 0.11

PCB 183 �0.14 �0.21, �0.07 �0.11 �0.18, �0.03

PCB 187 �0.08 �0.16, �0.01 �0.04 �0.12, 0.03

PCB 194 �0.11 �0.19, �0.03 �0.06 �0.14, 0.02

PCB 199 �0.11 �0.18, �0.04 �0.07 �0.14, 0.00

* All polychlorinated biphenyl and organochlorine concentrations are expressed on a lipid

basis (ng/g lipids) and were log10-transformed. Toxic equivalents are expressed in pg/g lipids.

Free thyroxine is expressed in ng/dl.

yOne participant with an invalid free thyroxine measurement was dropped.

zResults were adjusted for age and prepregnancy body mass index.

§ CI, confidence interval; DDT, dichlorodiphenyl trichloroethane; DDE, dichlorodiphenyl

dichloroethylene; PCB, polychlorinated biphenyl.

{ Sum for the 19 PCB congeners with a detection frequency greater than 75%.

# Enzyme inducers include PCBs 99, 101, 118, 153, 156, 157, 167, 180, 183, 187, 194, 189,

and 199.

**Mono-ortho PCBs include PCBs 28, 66, 74, 118, 156, 157, 167, and 189.

yyGroup 3 includes PCBs 99, 153, 180, 183, and 196.
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146, and 199 almost reached statistical significance (b ¼
�0.11 to �0.07, p ¼ 0.052–0.065). Only PCB 44 remained
significantly negatively associated with total thyroxine in

full models (b ¼ �0.57, 95 percent CI: �1.07, �0.07). No
PCBs were associated with thyroid-stimulating hormone
concentrations.

TABLE 4. Unadjusted and adjusted associations between serum concentrations* of

polychlorinated biphenyls and organochlorine pesticides and total thyroxine in pregnant

womeny (n ¼ 333), Salinas Valley, California, 1999–2000

Change in total thyroxine concentration (lg/dl) per 10-fold
increase in exposure

Unadjusted Adjustedz

b 95% CI§ b 95% CI

Organochlorines (ng/g)

p,p#-DDT§ 0.08 �0.16, 0.32 0.13 �0.11, 0.36

o,p#-DDT 0.12 �0.16, 0.39 0.17 �0.11, 0.44

p,p#-DDE§ 0.04 �0.29, 0.36 0.17 �0.15, 0.49

Hexachlorobenzene �0.67 �1.13, �0.20 �0.51 �0.97, �0.04

PCB§ groupings

RPCBs (ng/g){ �0.53 �1.30, 0.24 �0.29 �1.06, 0.47

Toxic equivalents (pg/g) �0.18 �0.87, 0.51 0.26 �0.45, 0.96

Enzyme inducers (ng/g)# �0.86 �1.60, �0.11 �0.31 �1.10, 0.48

Mono-ortho PCBs (ng/g)** �0.19 �0.86, 0.48 �0.13 �0.78, 0.53

Wolff’s method group 3yy �0.97 �1.66, �0.29 �0.51 �1.23, 0.22

Individual PCB congeners (ng/g)

PCB 18 �0.23 �0.73, 0.28 �0.29 �0.79, 0.20

PCB 28 �0.20 �0.71, 0.32 �0.27 �0.78, 0.23

PCB 44 �0.58 �1.09, �0.06 �0.57 �1.07, �0.07

PCB 49 �0.25 �0.74, 0.24 �0.31 �0.79, 0.18

PCB 52 �0.38 �0.90, 0.15 �0.43 �0.94, 0.08

PCB 66 �0.14 �0.73, 0.45 �0.17 �0.75, 0.40

PCB 74 �0.25 �0.95, 0.45 0.02 �0.68, 0.71

PCB 99 �0.67 �1.36, 0.02 �0.28 �0.99, 0.44

PCB 101 �0.40 �0.86, 0.07 �0.43 �0.88, 0.03

PCB 118 �0.16 �0.84, 0.52 0.26 �0.43, 0.95

PCB 138 �0.42 �1.01, 0.17 �0.04 �0.65, 0.57

PCB 146 �0.61 �1.09, �0.14 �0.34 �0.83, 0.15

PCB 153 �0.77 �1.37, �0.17 �0.37 �1.00, 0.26

PCB 156 �0.42 �0.86, 0.03 �0.05 �0.52, 0.42

PCB 180 �0.77 �1.33, �0.20 �0.42 �1.01, 0.17

PCB 183 �0.14 �0.62, 0.35 0.15 �0.34, 0.64

PCB 187 �0.41 �0.90, 0.08 �0.11 �0.61, 0.39

PCB 194 �0.34 �0.86, 0.18 0.07 �0.48, 0.62

PCB 199 �0.14 �0.60, 0.33 0.22 �0.26, 0.70

* All polychlorinated biphenyl and organochlorine concentrations are expressed on a lipid

basis (ng/g lipids) and were log10-transformed. Toxic equivalents are expressed in pg/g lipids.

Total thyroxine is expressed in lg/dl.
yOne participant with an invalid total thyroxine measurement was dropped.

zResults were adjusted for age and prepregnancy body mass index.

§ CI, confidence interval; DDT, dichlorodiphenyl trichloroethane; DDE, dichlorodiphenyl

dichloroethylene; PCB, polychlorinated biphenyl.

{ Sum for the 19 PCB congeners with a detection frequency greater than 75%.

# Enzyme inducers include PCBs 99, 101, 118, 153, 156, 157, 167, 180, 183, 187, 194, 189,

and 199.

**Mono-ortho PCBs include PCBs 28, 66, 74, 118, 156, 157, 167, and 189.

yyGroup 3 includes PCBs 99, 153, 180, 183, and 196.
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Although all PCB groupings were significantly associated
with free thyroxine in unadjusted models, only RPCBs re-
mained significant after inclusion of covariates (b ¼ �0.12,
95 percent CI: �0.24, �0.01). Therefore, a 10-fold increase
in RPCBs was associated with a 0.12-ng/dl decrease in free
thyroxine, corresponding to a 0.15-ng/dl decrement (equiv-
alent to about 0.6 standard deviation units) over the full
range of RPCBs. This result was no longer significant after
exclusion of two outliers whose free thyroxine values were
more than four standard deviations above the mean. None of
the PCB groupings were associated with total thyroxine or
thyroid-stimulating hormone concentrations. Results were
similar when we summed the concentrations of all measured
PCBs.

Associations of organochlorine pesticides with thyroid
hormone concentrations

None of the DDT/DDE isomers were associated with any
of the thyroid hormone measurements. Hexachlorobenzene
was negatively associated with both total thyroxine and free
thyroxine in adjusted models (figure 1; tables 3 and 4) but
not with thyroid-stimulating hormone concentrations (b ¼
0.02, 95 percent CI: �0.05, 0.10). A 10-fold increase in
hexachlorobenzene concentration was associated with
0.08-ng/dl (95 percent CI: �0.15, �0.01) and 0.51-lg/dl
(95 percent CI: �0.98, �0.04) decreases in free thyroxine
and total thyroxine, corresponding to decrements of 0.16 ng/
dl and 1.04 lg/dl, respectively (equivalent to approximately
0.7 standard deviation units each) over the full range of
hexachlorobenzene values. Excluding outliers did not mate-
rially alter these results.

Associations controlling for environmental exposures

Concentrations of lead, dialkyl phosphate metabolites,
and organochlorine pesticides other than hexachloroben-
zene did not confound any of the above associations. Out
of the seven PCB congeners negatively associated with free
thyroxine, only associations with PCB 44 (b ¼ �0.09, 95
percent CI: �0.17, �0.01) remained significant after inclu-
sion of hexachlorobenzene in the models. Adjustment for
hexachlorobenzene also altered the statistical significance of
the association between RPCBs and free thyroxine (b ¼
�0.08, 95 percent CI: �0.21, 0.05). Similarly, inclusion of
RPCBs nullified the significant result for the association of
hexachlorobenzene with free thyroxine (b ¼ �0.06, 95
percent CI: �0.13, 0.02) but not for the association with
total thyroxine (b ¼ �0.53, 95 percent CI: �1.05, �0.01).

DISCUSSION

We report significant inverse associations between expo-
sure to RPCBs (the 19 PCB congeners detected in more than
75 percent of participants) and PCBs 18, 28, 44, 49, 52, 101,
and 183 and free thyroxine, as well as between concentrations
of the fungicide hexachlorobenzene and both free thyroxine
and total thyroxine, in pregnant women. Concentrations of
hexachlorobenzene and the less chlorinated PCBs were

strongly correlated, and except for associations between
PCB 44 and free thyroxine and between hexachlorobenzene
and total thyroxine, adjustment for PCBs or hexachloroben-
zene caused results to lose statistical significance, making it
impossible to tease out their independent effects. None of
the exposure measurements were associated with thyroid-
stimulating hormone. Furthermore, despite the high con-
centrations of p,p#-DDT, o,p#-DDT, and p,p#-DDE in this
population, we observed no associations between these ex-
posures and thyroid function.

None of the previous studies investigating associations
between PCBs or organochlorines and thyroid function
in pregnant women controlled for exposure to other envi-
ronmental chemicals, except for smoking. Our results on
PCBs and hexachlorobenzene differ from those obtained
in Canadian (31) and Dutch (33) studies, which found
no association in pregnant women between free thyroxine
concentrations and hexachlorobenzene, 14 individual PCB
congeners, RPCBs, or the PCB toxic equivalents. Our re-
sults may differ from previous findings, because we used the
direct equilibrium dialysis method to measure free thyrox-
ine, whereas most previous studies used immunoassays.
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FIGURE 1. Association between hexachlorobenzene and
A) free and B) total thyroxine (T4) concentrations in pregnant women
(n ¼ 333), Salinas Valley, California, 1999–2000.
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However, in one smaller study (n ¼ 128) that used equilib-
rium dialysis, Steuerwald et al. (34) found no association
with the sum of 28 PCB congeners. These disparities may
also be partly explained by differences in exposure levels:
Langer et al. (65) reported negative correlations between the
sum of 15 PCB congeners and free thyroxine and total tri-
iodothyronine at lower exposure levels (<530 ng/g lipids)
but positive correlations at higher exposure levels. Hexa-
chlorobenzene concentrations in our population were ap-
proximately an order of magnitude higher than in the
Canadian study; PCB concentrations were similar to those
from the Canadian population but approximately 20 and 85
times lower than those in the Dutch and Faroese studies,
respectively (66). However, we probably underestimated
exposure to dioxin-like compounds, since we did not
measure two key PCB congeners (PCBs 126 and 169).
We also had no data on polychlorinated dibenzo-p-dioxins
or polychlorinated dibenzofurans. Confounding by iodine
intake, which was not measured in previous studies, may
also have affected our results. It is noteworthy, however,
that investigators who reported significant results consis-
tently found negative associations between PCBs, hexa-
chlorobenzene, and thyroid hormone concentrations,
suggesting, as our results do, that these exposures may
exert a hypothyroidic effect. Negative associations were re-
ported between the PCB toxic equivalents and total thyrox-
ine (33), as well as between hexachlorobenzene, RPCBs,
and PCBs 138, 153, and 180 and total triiodothyronine
concentrations (31).

Studies carried out in animals have lent support to the
hypothesis that adverse associations between prenatal expo-
sure to PCBs and neurodevelopment arise at least partly
from thyroxine suppression. For example, in rats, injection
with thyroxine normalized PCB-induced depression of cho-
line acetyltransferase after prenatal and lactational expo-
sures (67), and hearing loss caused by pre- and perinatal
PCB exposure was ameliorated by the administration of
thyroxine (68). Similarly, several animal studies found that
exposure to hexachlorobenzene decreased thyroxine con-
centrations and that prenatal exposure to hexachlorobenzene
resulted in adverse neurodevelopmental effects (hypoactiv-
ity, hyperactivity, and reduced operant behavior efficiency)
(13, 69). However, we are aware of no studies that specifi-
cally investigated whether adverse neurodevelopmental ef-
fects associated with PCB or organochlorine pesticide
exposure may be mediated by thyroid hormone disruption.

This study had a number of strengths. First, we used di-
rect equilibrium dialysis to measure free thyroxine in preg-
nant women, a method which, contrary to widely used
immunoassays (47), is not affected by the increase in
thyroxine-bound proteins that occurs in pregnancy (48,
49). Wewere also able to consider the potential confounding
effect of a large number of demographic characteristics and
environmental exposures. In addition, our population was
homogenous in terms of socioeconomic status (low income
level and primarily agricultural), country of origin, and race/
ethnicity, thereby reducing the likelihood of uncontrolled
confounding.

However, similarly to previous studies, we did not have
data on maternal autoimmune thyroid disease, which is the

most common cause of acquired hypothyroidism (70). Re-
sults from NHANES III showed that 17.0 percent (standard
deviation, 0.5) of American women were positive for anti-
thyroperoxidase antibodies and that a strong association ex-
isted between antithyroperoxidase antibodies and clinical
hypothyroidism (odds ratio ¼ 39.7, 95 percent CI: 11.6,
136.1) (71). Given the strength of this association, even
a weak association between exposures examined in the pres-
ent study and antithyroperoxidase antibodies could have sub-
stantially confounded, in an undetermined direction, the
results of our study, as well as those of previous studies
(72). In addition, because of the intercorrelation among
PCB congeners and between PCB congeners and hexachlor-
obenzene, identifying the chemical or combination of chem-
icals that may affect thyroid hormone concentrations remains
a challenge.

In summary, this study was the first to observe a negative
association between the sum of PCB congeners and free
thyroxine as well as between hexachlorobenzene and either
free thyroxine or total thyroxine concentrations in pregnant
women. We found the association with RPCBs despite a low
level of exposure. Hexachlorobenzene concentrations were
within the range of non-occupationally exposed populations
previously studied but substantially higher than concentra-
tions measured in the general US population (63). The
strong correlation between RPCBs and hexachlorobenzene,
however, hampered our ability to determine their indepen-
dent associations with thyroid function. Maternal thyroxine
crosses the placenta, is associated with fetal thyroxine con-
centrations before the onset of fetal thyroid function, and
continues to reach the fetus throughout pregnancy (73).
Both animal and human studies demonstrate that thyroid
hormone is essential for normal brain development, and
evidence suggests that maternal free thyroxine may be of
particular importance in humans (23, 24). Our results there-
fore suggest that the neurodevelopmental effects of PCBs
and/or hexachlorobenzene reported in previous studies may
be partly mediated through thyroid hormone disruption,
even at background levels of exposure. We plan to examine
this hypothesis in an upcoming analysis of neurodevelop-
ment in this birth cohort.
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